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Summary 
Here we describe a technique that uses a recombinant 
vaccinia virus to transfect neurons in rat hippocampal 
slices. This technique allows the use of molecular bio- 
logical manipulations on neuronal tissue while main- 
taining intact synaptic function. This method should 
be useful in testing specific hypotheses regarding the 
role of synaptic proteins. 
Introduction 
Synapses are filled with numerous proteins whose func- 
tion in transmission and plasticity is only partially known 
(SLidhof et al., 1993; Harris and Kater, 1994). Here we 
describe a technique that allows acute expression of re- 
combinant proteins in anatomically selected neuronal pop- 
ulations, while maintaining intact synaptic circuitry and 
function. This method is based on the use of a recombinant 
vaccinia virus. This virus infects nearly 100% of targeted 
neurons, expresses recombinant protein with great effi- 
ciency, and appears not to interfere with synaptic trans- 
mission or plasticity. These results contrast with the use 
of other virus vectors to transfect neurons, which results 
in lower efficiency of infection and delays before recombi- 
nant proteins are expressed (Le Gal La Salle et al., 1993; 
Geller, 1991; Geller and Breakefield, 1988). The technique 
we report may provide a convenient means of addressing 
many questions regarding the role of specific proteins in 
synaptic transmission and plasticity. 
Results 
Hippocampal slices (400 ~m) were prepared from 9- to 
12-day-old rats. A recombinant vaccinia virus that contains 
a 13-galactosidase (13-gal) gene driven by a strong early/ 
late synthetic vaccinia promoter (VSC56; S. Chakrabarti 
and B. Moss, unpublished data) was used to introduce 
recombinant proteins into hippocampal slice neurons. Ini- 
tial studies showed that there was a significant amount of 
~-gal present in the media of unpurified virus. To eliminate 
background ~-gal, the virus was purified by centrifugation 
(see Experimental Procedures) (Mackett et al., 1985). The 
success of this strategy is shown by the absence of stain- 
ing when purified virus is injected into tissue and immedi- 
ately fixed (see Figure 2A; injection at arrow). Slices were 
infected by injecting a solution of purified virus with a patch 
pipette (initially 3-5 M~, then broken) into the extracellular 
space of the pyramidal cell body layer (see Experimental 
Procedures). Following injection, slices were placed in an 
oxygenated interface chamber for 4-16 hr at 35°C-37°C 
to allow time for the expression of viral gene products. 
After incubation, slices were fixed and stained with X-Gal 
(see Experimental Procedures). Small localized injections 
resulted in discrete staining that was confined to the injec- 
tion site (Figure 1A). Maximal staining of a targeted area 
could be obtained by overlapping the injection sites (Fig- 
ure 1B). Since staining and expression of recombinant 
proteins were restricted to target populations, this tech- 
nique makes it possible to restrict infection to either post- 
synaptic CA1 (Figure 1A) or presynaptic CA3 (Figure 1B) 
pyramidal cells. There was no evidence of transynaptic 
staining in any of the slices examined as long as 28 hr 
after infection. 
The efficiency of infection was tested by examining 20 
~m cryostat sections from infected slices to determine the 
percentage of infected cells. Since these sections are no 
more than 1-2 cell layers thick, infected and uninfected 
regions are easily distinguishable (Figure 1C). Cryostat 
sections were stained with X-Gal and counterstained with 
neutral red. Examination of high power (40 x)  photomicro- 
graphs showed that virtually 100% of the cells in the in- 
jected region were infected (Figure 1C, blue cells), while 
cells in regions outside the injection site had no I~-gal ex- 
pression (Figure 1C, red cells). Figure 1D shows every 
other section from a series through an infected slice. The 
efficiency of infection was consistent hroughout the thick- 
ness of the slice, with the exception of the topmost and 
bottommost sections. 
Preliminary experiments howed that 16 hr of incubation 
at 35°C-37°C resulted in high levels of X-Gal staining 
in infected regions. To determine the time course of this 
expression, a single virus injection was made in the CA3 
pyramidal cell bodies, and slices were then incubated at 
35°C-37°C for variable lengths of time. Figure 2B illus- 
trates that staining could be seen as early as 4 hr after 
injection. At 8 hr, there was extensive staining in the cell 
bodies and dendrites (Figure 2C), and after 16 hrof incuba- 
tion, maximal staining was evident (Figure 2D). 
We examined the efficiency of infection for slices from 
different age animals. In these studies, single virus injec- 
tions were made in the CA1 and CA3 regions, as well as 
in the external and internal blades of the dentate region 
of the hippocampal slice; slices were then incubated for 
14 hr (Figu re 3). Figu re 3A shows that high levels of expres- 
sion were achieved in all regions in 2-week-old animals. 
With the exception of the CA1 region, expression was re- 
duced in slices from 3-week-old rats (Figure 3B). Staining 
and expression continued to decline in slices from 4-week- 
old animals, and no expression was seen in slices from 
adult animals (Figures 3C and 3D). 
To quantitate the degree of expression at each age, the 
intensity of X-Gal staining was measured in each area by 
digital imaging. We measured the average peak optical 
density for each region as well as the size of the stained 
area (see Experimental Procedures). Peak density (Figure 
4A) dropped significantly between 3 and 4 weeks in the 
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Figure 1. X-Gal Staining of Infected Neurons 
in the Hippocampal Slice 
CA1 region (p < .05), between 2 and 3 weeks in the CA3 
region (p < .05), and by 3 weeks in the dentate gyrus 
(p < .01). The average size of the stained area for each 
region is plotted in Figure 4B. A larger spread can be corre- 
lated with staining in the dendritic region, and smaller 
spreads represent staining localized to the cell body layer. 
Previous experiments had shown that shorter incubations, 
during which less recombinant protein is produced, re- 
sulted in poor dendritic staining. The spread of staining 
in CA1 decreased significantly from 3 to 4 weeks (p < 
.001) and in the CA3 region from 2 to 3 weeks (p < .005). 
Dendritic staining decreased in the dentate gyrus by 3 
weeks, but the difference was not significant (p > .05; 
Figure 4B). 
To determine whether infected neurons were viable for 
electrophysiology experiments, whole-cell voltage-clamp 
recordings were made in infected regions. No difference 
was noted in electrophysiological paramaters (input resis- 
tance and synaptic response time course) monitored in 
cells obtained from infected or noninfected slices (Pettit 
et al., 1994). Cells from infected slices were assayed for 
I~-gal by including the fluorescent substrate chlorometh- 
ylfluorescein di-I~-galactopyranoside (CMFDG; 200 ~M; 
Molecular Probes, Eugene, OR) in the recording pipette 
internal solution. CMFDG is cleaved by 13-gal to produce 
chloromethyl fluorescein, and the chloromethyl moiety 
binds to intracellular glutathione. In cells containing 13-gal, 
CMFDG-glutathione is converted to a fluorescent product 
that does not diffuse from the cell at room temperature. 
After the recordings were made, the slices were fixed and 
examined with a compound microscope to visualize 
CMFDG fluorescence. Recordings in uninfected slices 
showed no fluorescent cells (n = 5). In recordings from 
infected slices, fluorescent label was visible in 4 of 6 cells 
(6 different slices) recorded. All 4 of these cells showed 
normal synaptic transmission (as judged by excitatory 
postsynaptic current time course). After baseline re- 
cordings were obtained, long-term potentiation (LTP), was 
seen in 3 of 4 cells. This was not significantly different 
from the rate of LTP induction in uninfected neurons (p > 
.05). Figure 5A shows an example of a fluorescently la- 
beled neuron that exhibited LTP. After obtaining baseline 
transmission, LTP was induced by pairing postsynaptic 
depolarization (to -10 mV) with continued stimulation (40 
trials; Figure 5A, bar). We have also recorded extracellular 
fields from infected regions 6 hr after injections (n = 3). 
As shown in Figure 5, responses and LTP (induced by 
100 Hz for 200 ms, three times at arrow) from infected 
(C) and uninjected (D) slices were similar. These results 
demonstrate that viral infection does not, in itself, interfere 
with normal synaptic transmission and LTP. 
Discussion 
Our results show that vaccinia virus can be used to infect 
selected neuronal populations in acute hippocampal 
~A 
Figure 2. Time Course of 13-gal Expression Figure 3. Age Dependence of Recombinant Protein Expression 
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Figure 4. The Change in Density of X-Gal Staining during Develop- 
ment 
slices with virtually 100% infection efficiency. The high 
rate of infection is important for combining this method 
with electrophysiology because individual pre- and post- 
synaptic cells are randomly selected during most electro- 
physiology protocols. In addition, many biochemical ex- 
periments require a high percentage of cell infection to 
ensure that the consequences of modifying cell biochem- 
istry will be detected. 
No transsynaptic infection was observed in any of the 
stained slices. Furthermore, presynaptic axons traversing 
postsynaptic injected areas should not express recombi- 
nant protein (even if they are infected by virus) because 
these structures do not have the ribosomes required to 
express recombinant products (Steward and Reeves, 
1988). Thus, this technique should make it possible to 
dissect the role of specific pre- and postsynaptic proteins 
in synaptic transmission and LTP. It will be important o 
determine whether infection of presynaptic ell bodies will 
lead to expression of recombinant proteins in presynaptic 
terminal regions. 
Recombinant products can be detected as early as 4 
hr after infection. This means that experiments which do 
not require high levels of recombinant protein expression 
can be initiated as early as 4 hr after infection, minimizing 
the cytotoxic effects of incubations at high temperatures. 
While expression of recombinant product is higher in ani- 
mals less than 2 weeks old, expression can be seen in 
slices from older animals. Because some experiments, 
such as rescue of genetic knockouts, may require that 
older animals be used, it is important o note that signi- 
ficant levels of recombinant product expression are pos- 
sible in slices from 4-week-old animals; however, this 
method is clearly not suitable for slices from adult animals. 
While these data suggest that there is a sensitive period 
for efficient expression of recombinant protein, it is unclear 
what mechanisms are responsible for this phenomenon. 
Because brain tissue from animals 2 weeks or younger is 
less susceptible to anoxia than tissue from older animals 
(Lutz, 1992), more cells may be infected in younger tissue 
simply because there are more live cells in these slices. 
It is also possible that factors associated with development 
affect infection and expression of viral product. 
Infected and uninfected control slices exhibit similar 
synaptic transmission and LTP. These data indicate that 
cytotoxic effects produced by vaccinia virus infection do 
not interfere with these processes. We have obtained re- 
cordings from infected cells 20 hr after infection, which 
should allow ample time for expression of recombinant 
proteins. We have also obtained field potential recordings 
from infected slices, allowing a quick and simple screen 
of the effects of recombinant products. 
The technique described here is a relatively simple way 
to transfect selected neuronal populations with high effi- 
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Figure 5. Infected Neurons Exhibit Normal Synaptic Transmission and LTP 
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c iency while mainta in ing funct ional  synapt ic  connect ions.  
The  acute modif icat ion of protein funct ion e l iminates  prob- 
lems assoc iated with deve lopmenta l  compensat ion .  Fur- 
ther  explo i tat ion of  this techn ique  and the wide host range 
of  vacc in ia  virus should prov ide important  information 
about  the funct ion of  specif ic  proteins in synapt ic  funct ion.  
Experimental Procedures 
Preparation of Slices 
Hippocampal slices (400 ~m thick) from 9- to 12-day-old Sprague- 
Dawley rats were prepared by standard methods, incubated in an 
interface chamber with oxygenated artificial cerebrospinal fluid (119 
mM NaCI, 2.5 mM KCI, 1.3 mM MgCI2, 2.5 mM CaCI2, 1 mM NaH2PO4, 
26.2 mM NaHCO3, 11 mM glucose), and placed on filter paper in a 
humidified oxygenated interface chamber at room temperature for 
1 hr. 
Preparation of Virus 
Large stocks of virus were prepared by infecting RK13 cells at a multi- 
plicity of infection of 0.01 (Mackett et al., 1985). Virus was purified by 
centrifugation on a 36% sucrose gradient at 18,750 x g for 1.5 hr 
(Mackett et al., 1985). 
Infection of Hippocampal Slice Neurons 
Slices were infected by injecting a solution containing purified virus 
(7.2 x 10 ~ pfu/ml) and fast green (0.3°/o final concentration) into the 
extracellular space in the CA1 or CA3 region of the pyramidal cell 
body layer with a picospritzer. Multiple injections were made with low 
levels of pressure (20 psi for 3-6 ms with a General Valve picospritzer), 
with the pipette positioned about 200 I~m below the surface of the 
slice. Pipette should approach the tissue at an angle as steep to the 
plane of the slice as possible and normal to the cell body layer. This 
results in maximal delivery of fluid to the extracellular space (50-100 
nl for an individual injection) while minimizing tissue damage. Observa- 
tion through a compound microscope (10 x objective; Zeiss, Standard) 
during injections aids in developing optimal technique to ensure homo- 
geneous spread of injected solution within cell body region. For such 
observation, slices can be placed on a cell culture membrane petri dish 
(Millipore, PICM 030-50). We find that developing such a technique is 
the prime determinant of efficacious infections. Injection time should 
be kept at a minimum ( -5  min), and slices should be kept moist 
throughout this period. After injection, slices were placed in an oxygen- 
ated chamber for 4-16 hr at 35°C-37°C to allow time for the expres- 
sion of viral gene products. All slices were incubated on filter paper 
(subfused with Ringer's solution), except for experiments testing age 
dependence of expression. These slices were incubated on cell culture 
membranes. 
Histology 
Expression of the recombinant gene product, ~-gal, was confirmed by 
light microscopy after the slices were fixed in 2% paraformaldehyde/ 
0.2% glutaraldehyde on ice for 1.5 hr, stained with X-Gal (1 mg/ml 
X-Gal [Molecular Probes, Eugene, OR], 3 mM K, Fe(CN)6, 3 mM 
K3Fe(CN)6, 1.3 mM MgCI, 100 mM sodium phosphate [pH 7.35]), and 
cleared with xylene. Slices were incubated in stain for 4-6 hr (35°C - 
37°C). Cryostat sections (20 I~m) were incubated in X-Gal for 1.5-2 
hr and counterstained with neutral red. 
Imaging of Stained Slices 
Slices were stained with X-Gal for 5 hr and imaged with a computer- 
controlled, cooled CCD camera (Photometrics Series 200). Slices were 
transilluminated (same intensity for all slices), and images were ob- 
tained with the Photometrics-supplied PMIS program. Density of stain 
was calculated by drawing a line through the middle of the stained 
region and measuring the density for each pixel on the line. The size 
of the stained area was measured by determining the number of pixels 
of at least half-maximal density and converting them into micrometers. 
Electrophysiology 
Following a 16 hr incubation, slices were superfused with oxygenated 
artificial cerebrospinal fluid (119 NaCI, 2.5 mM KCI, 1.3 mM MgCI2, 
2.5 mM CaCI2, 1 mM NaH2PO4, 26.2 mM NaHCO3, 11 mM glucose) 
at room temperatu re. Whole-cell voltage-clamp recordings were made 
from CA3 cell body regions that had been infected with a ~-gal- 
producing virus (internal solution: 100 mM cesium gluconate, 0.6 mM 
EGTA, 5 mM MgCI2, 5 mM ATP, 0.3 mM GTP, 40 HEPES [pH 7.4 with 
CSOH]). A bipolar stimulating electrode was placed in the stratum 
radiatum, and excitatory postsynaptic urrents were elicited at 0.5 Hz. 
LTP was induced by pairing postsynaptic depolarization with contin- 
ued synaptic stimulation. Currents were digitized, and amplitude ver- 
sus time was plotted. Following electrophysiological monitoring, the 
slice was fixed and examined under epifluorescence (fluorescein iso- 
thiocyanate filters). 
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